We study, in the paradigm of open quantum systems, the dynamics of quantum coherence of a static polarizable two-level atom which is coupled with a thermal bath of fluctuating electromagnetic field in the absence and presence of boundaries. The purpose is to find the conditions under which the decoherence can be inhibited effectively. We find that without boundaries, quantum coherence of the two-level atom inevitably decreases due to the effect of thermal bath. However, the quantum decoherence, in the presence of a boundary, could be effectively inhibited when the atom is transversely polarizable and near this boundary. In particular, we find that in the case of two parallel reflecting boundaries, the atom with a parallel dipole polarization at arbitrary location between these two boundaries will be never subjected to decoherence provided we take some special distances for the two boundaries.
I. INTRODUCTION
Quantum coherence is one of fundamental concepts in physics and a key quantum features of quantum mechanics beyond classical physics [1] . The formulation of the notion of coherence trace back to the quantum optics [2, 3] , which provide a number of methods to understand coherence. The development of quantum coherence has provided a significant physical resource in quantum information [4] and in biological systems [5] , for interpretation of the quantum reference frames and the asymmetry [6, 7] , and for applications in thermodynamics [8, 9] and quantum metrology [10, 11] . Moreover, Åberg reported that the quantum coherence can be turn into a catalyst resource [12] , which has important consequences in quantum thermodynamics. Most recently, a number of computable measures have been put forward to quantifying coherence, such as the l 1 norm and the relative entropy of coherence [13] , and others suggested the skew information [14] . Mathematically, the coherence of a state is defined as its off-diagonal elements. For instance, the l 1 norm of coherence and relative entropy of coherence for any stateρ are defined as
and
respectively. In Eq. (2), S (ρ) = −Tr(ρ logρ) donates the von Neumann entropy, " log " indicates logarithms which are taken to base two, andρ diag is the matrix only containing the diagonal elements ofρ. * Corresponding author, Email: jljing@hunn.edu.cn
At this point, quantum coherence is the crucial resource for quantum information technology and has significant meaning to the physical implementation. From the point of view of practice, it is worth noting that the quantum resource will be subjected to destroyed unavoidably when a system coupled with the surrounding environment during the whole evolution [15] [16] [17] [18] [19] [20] [21] [22] [23] . Therefore, how to protect this important resource of quantum coherence from the external noise is an essential problem. So far, a lot of researches have been devoted to the protection of quantum coherence. For example, it has been analyzed under dynamical conditions the coherence and quantum correlations of an open quantum system are totally unaffected under the bit flip, bit-phase flip and phase flip channels [24, 25] , whose existence has been recently experimentally verified [26] . It has been recently showed that suitable non-Markovian structured environments can efficiently preserve quantum coherence and entanglement [27] [28] [29] [30] [31] [32] . In addition, how to protect quantum coherence of a two-level atom from the vacuum fluctuation of quantum fields has been discussed in Ref. [19] .
It is noteworthy that the atom-field system has been widely adapted to achieve the quantum information processing, such as the quantum communication [4, 33] and the preparation of quantum state [34, 35] . The quantum coherence is the key resource in quantum information processing, so it becomes very important for us to protect the coherence effectively. In this paper, we will investigate the dynamics of quantum coherence of a static polarizable two-level atom in a thermal bath of electromagnetic field at finite temperature T . Our aim is to find out how to protect quantum coherence effectively from the effect of thermal bath. We demonstrate that without boundaries, the two-level atom inevitably suffers from decoherence due to the interaction with the thermal bath and the decoherence will be enhanced with the increases of temperature T , meaning that the quantum coherence will be damaged more. However, by introducing reflecting boundaries we show that the decoherence can be inhibited effectively under certain conditions. The organization of the paper is as follows. In Sec. II we give a review of the general formalism of quantum master equation which a two-level atom coupled with quantized electromagnetic field in a thermal bath of temperature T and the atomic state is a maximally coherent state initially. In Sec. III, we calculate the quantum coherence in the case of without boundaries. In Sec. IV, we find that the decoherence can be inhibited effectively under appropriate condition by the presence of a reflecting boundary. Furthermore, in Sec. V we study the quantum coherence in the presence of two reflecting plates and analyze how to protect it totally under certain conditions. Finally, we will give a summary of our conclusions in Sec. VI.
II. THE QUANTUM MASTER EQUATION
Let us start with the evolution of a static two-level atom which is coupling with quantized electromagnetic field. We assume that the total Hamiltonian of the atom-field system takes the form [36] 
where H S = 1 2 ω 0 σ 3 denotes the Hamiltonian of the twolevel atom, H F is the Hamiltonian of the electromagnetic field, and H I (τ) = −er · E(x(τ)) is the interaction between the atom and the field. Here, ω 0 represents the transition frequency of the two-level atom, σ 3 is the Pauli matrix, er is the electric dipole moment of the atom, and E(x) denotes the electric field strength.
Initially, the state of the atom-field system is assumed to beρ tot (0) = ρ(0) ⊗ |0 0|, whereρ(0) is the initial reduced density matrix of the atom and |0 0| denotes the vacuum of electromagnetic field. In the frame of the atom, the evolution of the total system obeys the von Neumann equation [15] 
where τ is the proper time of the atom. Because our main interest here is the evolution of the atom and to obtain that we will trace over the field degrees of freedom, i.e., ρ(τ) = Tr F [ρ tot (τ)]. After some simplifications, the reduced state density of the atom, in the limit of weak coupling, is found to obey an equation in Kossakowski-Lindblad form [37, 38] 
where
is the effective Hamiltonian by absorbing the Lamb shift term, in which the Ω is the effective energy level-spacing of the atom, and
is the dissipator. Here,
is the the coefficients of the Kossakowski matrix, in which
are the Fourier and Hilbert transforms to the electromagnetic field correlation function G
respectively, in which λ is the variable of the functions. Let us note that r i with i ∈ {1, 2, 3} denotes the three components of the vector which points from the location of negative charge to that of positive charge.
If a two-level atom is initially prepared in a maximally coherent state, |ψ(0) = 
Let us note that in Eq. (11), (4A) −1 describes the time scale for atomic transition and (2A) −1 is the time scale for the offdiagonal elements of the density-matrix ("coherence") decay [4] . We want to point out that the larger (2A) −1 means that the quantum coherence will be decayed more slowly. In particularly, when (2A) −1 → ∞, the decoherence never happens and the coherence of the quantum state is constant.
III. DECOHERENCE OF TWO-LEVEL ATOM IN THERMAL BATH WITHOUT BOUNDARIES
Let us now study how the electromagnetic field without boundaries at finite temperature T influence the quantum coherence. To do so, we will use the two-point function for the free electromagnetic field at finite temperature, which is given by [39, 40] ,
where ε → 0 + , ∂ ′ j is the differentiation with respect to x ′ j , ε 0 denotes the vacuum dielectric constant, β = c/T k B is the thermal wavelength, and the subscript " f " represents the part induced by the unbounded space.
In the laboratory frame, for the two-level atom at rest, as a function of the proper time, the trajectory of the atom can be described by the equations
Applying Eqs. (12) and (13) to Eq. (10), we can obtain the Fourier transform of the correlation functions [15] 
Thus, the coefficients of the Kossakowski matrix a i j can be expressed as
where N(ω 0 ) = By using the definition of the l 1 norm and relative entropy of coherence, we can obtain the coherence of the atom interacting with a thermal bath of electromagnetic field at temperature T , which is given by
where in Fig. (1) . We can see that the quantum coherence decreases monotonically as the evolution time goes by due to the decoherence caused by the unavoidable interaction between the atom and the electromagnetic field in a thermal bath with temperature T . What is important is that the quantum coherence decreases faster as the temperature T increases. Compared with the behavior of the coherence of the atom coupled with the fluctuating vacuum field [19] , we find that τ f decreases as the temperature increases, which means that the quantum coherence at higher temperature decays more rapidly than those for zero temperature.
IV. INHIBITING THE DECOHERENCE BY THE PRESENCE OF A REFLECTING BOUNDARY
As shown above, the atom interacting with a thermal bath of electromagnetic field will be inevitably subjected to decoherence even though the field is in the Minkowski vacuum. Thus it is needed to analyze how to protect quantum coherence in this setting. To solve this problem, we will put a reflecting boundary in the free space and discuss the dynamics of the quantum coherence of the two-level atom again. In this case, we assume the boundary is located at z = 0, then the electric field two-point function in the Feynman gauge [39, 41] can be write as
which is a sum of the unbounded space term and the boundary-dependent term. Here, n = (0, 0, 1) donates the unit vector normal to the reflecting boundary. For the rest atom, submitting the trajectory in Eqs. (13) and (19) into Eq. (10), we can calculate the Fourier transform of the two-point function of the electromagnetic field at finite temperature in the presence of a boundary as follows
where the subscript " b " donates the part induced by the presence of a reflecting boundary and we have defined
where z 0 is the atomic position from the boundary and we take the unit of c/ω 0 in the figures. The coefficients of the Kossakowski matrix a i j in the presence of a reflecting boundary are then given by
is defined as the atomic relative polarizability and satisfies i α i = 1, and
is the total transition rate in the presence of a boundary. We let f (ω 0 , z 0 ) ≡ i α i f i (ω 0 , z 0 ) hereafter for the sake of convenience. When the temperature is zero, the emission rate in the presence of a boundary becomes γ 0 [1 − f (ω 0 , z 0 )] which is in agreement with the expression in Ref. [42] . Let us note that here
describes the time scale for the off-diagonal elements of the density-matrix decay in the presence of a boundary. Then, similar to the analysis before, the l 1 norm and the relative entropy of coherence for the two-level atom by the presence of a reflecting boundary can be calculated as
2 ) 2 . In the following we will focus our attention on the conditions under which the l 1 norm of coherence is protected effectively in the presence of a reflecting boundary, which means that the quantum coherence can be protected as the evolution time increases. Comparing with the unbound case, we can see that the l 1 norm of coherence in Eq. (23) is modified by the factor 1 − f (ω 0 , z 0 ). In order to study the properties of the l 1 norm of coherence C l 1 (ρ) b at different temperature T , we consider that the atom is located at different position with parallel, vertical, isotropic polarization, respectively. The behavior of the C l 1 (ρ) b in the presence of a reflecting boundary are shown in Figs. (2 -4) , which is the function of q at different temperature T for (α x , α y , α z ) = (1, 0, 0), (0, 0, 1), (1/3, 1/3, 1/3) respectively and the atom is placed at different position z 0 .
When the atom is far away from the reflecting boundary, i.e., z 0 → ∞, the term 1 − f (ω 0 , z 0 ) → 1 in expressions (23) and (24), and we immediately recover the atom at rest in the unbounded Minkowski case. For the case of the atom is very close to the reflecting boundary ( z 0 → 0), and the atom has parallel dipole polarization, we obtain α z = 0 and f x (ω 0 , z 0 ) = f y (ω 0 , z 0 ) = 1. This results in the total transition rate γ b becomes zero and τ b → ∞ for any finite temperature T , which means that the decoherence is inhibited effectively by the presence of a boundary. In other words, the resource of the quantum coherence is protected effectively at any finite temperature T under these conditions. When the atom is close to the boundary and has normal dipole polarization, i.e., α x = α y = 0 and f z (ω 0 , z 0 ) = −1, we find the total transition rate γ b is double of that the unbounded case and τ b = τ f /2, which means in this case, the quantum coherence will be destroy faster than that without boundaries. However, at the same temperature T , the decoherence decreases with the increase of the distance of the atom from the boundary, which makes the quantum coherence get lost slowly. When the atom is close to the boundary and has an isotropic dipole polarization, i.e., α x = α y = α z = 1/3 and f x (ω 0 , z 0 ) = f y (ω 0 , z 0 ) = − f z (ω 0 , z 0 ) = 1, we have the total transition rate γ b = 2γ f /3 and τ b = 3τ f /2. That is to say, the decoherence is inhibited to a certain degree and the quantum coherence decreases slowly by the presence of the reflecting boundary as compared to the unbounded case.
Noting that for a different atomic position and polarization at different temperature, the decoherence may be inhibited, enhanced or unchanged as compared to the unbounded case. In above discussions, we find there exist a special position which has 1 − f (ω 0 , z 0 ) = 1, making the l 1 norm of coherence is similar to that in the unbounded space at these position, which means the boundary effects vanish. In addition, we can find a special position where 1 − f (ω 0 , z 0 ) = 0, so the quantum coherence will be protected effectively. While the atom is placed at different position between the two special positions, the decoherence is inhibited or enhanced as compared to that the unbounded case, i.e., 1 − f (ω 0 , z 0 ) > 1 or 1 − f (ω 0 , z 0 ) < 1. More importantly, we can see from the Figs. (2 -4) that the l 1 norm of coherence is damaged more seriously as the temperature increases in the same situation. It is worthy to notice that the behaviors of the relative entropy of coherence are similar to that the l 1 norm of coherence, so we won't discuss them in detail.
V. INHIBITING THE DECOHERENCE BY THE PRESENCE OF TWO REFLECTING BOUNDARIES
We have shown that under certain conditions, quantum coherence of a two-level atom can be effectively protected from the thermal bath if there is a boundary. Thus, it is interesting to ask what happens to the quantum coherence of two-level atom when two reflecting boundaries exist. In this case, we assume that these two boundaries are parallel with each other and both of them are parallel to the x − y plane. One is at z = 0, and the other is at z = a. The two-level atom is located between them with the trajectory (13) and z 0 ∈ [0, a]. In the presence of two perfectly reflecting boundaries, the electric field two-point function at finite temperature can be obtained by the method of images [39] ,
which consists of a sum of the free space and a term that depends on the presence of the boundaries. Substituting the Eqs. (13) and (25) into Eq. (10), we can obtain the Fourier transform of the electromagnetic field correlation function in the frame of the static atom, which is given by
Here, the subscript " t " represents the part induced by the presence of two reflecting boundaries. Consequently, from the Fourier transform we can obtain the coefficients of the Kossakowski matrix a i j in the presence of two reflecting boundaries
Here, f i and α i with i = x, y, z are given before. Thus, the total transition rate of the two-level atom is γ t = γ 0 (2N + 1) . At zero temperature, the emission rate γ 0
which is obtained in this way is agree with the previous results [43] . It is noteworthy that τ t =
is the time scale for the off-diagonal elements of the density-matrix decay in the presence of two reflecting boundaries. We can obtain the l 1 norm and the relative entropy of coherence in the presence of two reflecting boundaries
where Considering the l 1 norm of coherence firstly, the term (28) will modify the quantum coherence by the presence of boundaries. The l 1 norm of coherence not only depends on the atomic position z 0 and polarization, but also depends on the temperature and the distance between two boundaries. In this section we only consider three situations of the distance between the two boundaries, which takes fixed a = π/2, 3π/2, ∞ ( we used unit of c/ω 0 ).
(i) We start with the limiting when the distance between the two boundaries is infinite, i.e., a → ∞. In this case, we recover the electromagnetic field at finite temperature T in the presence of a reflecting boundary as expected which we have discussed in Sec. IV.
(ii) For the case when the distance between the two boundaries a = π/2, it is deserved our attention that the l 1 norm of coherence has nothing to do with the atomic position z 0 between the two parallel boundaries. Because of (28), the l 1 norm of quantum coherence can be obtained (30) from which we know that the C l 1 (ρ) t only depends on the atomic polarization and the temperature T . When the dipole moment is parallel to the xy plane, i.e., α z = 0, the total transition rate γ t = 0 and τ t → ∞ at any finite temperature, which means that the decoherence is totally inhibited by the presence of two reflecting boundaries and the important quantum resources of coherence is protected totally wherever the atom is placed between the boundaries. For a dipole moment perpendicular to boundaries, i.e., α x = α y = 0, we have the total transition rate γ t = 3γ f and τ t = τ f /3, which implies that the quantum coherence damages faster than that in the unbounded case no matter where the atom is placed. When the dipole moment has an isotropic polarization α x = α y = α z = 1/3, we can get the total transition rate γ t = γ f and τ t = τ f , which means that the effects of the boundaries has been eliminated and the unbounded case is recovered.
The decoherence may be enhanced, inhibited or even not changed by the presence of two reflecting boundaries as compared to the unbounded case, which only depends on the atomic polarization and the temperature T . It is interesting to find that the decoherence is inhibited totally as long as the polarization is in the xy plane at any finite temperature. Then, in Fig. (5) we plot the l 1 norm of coherence C l 1 (ρ) t , in the presence of two reflecting boundaries, as a function of q at different temperature T for (α x , α y , α z ) = (0, 0, 1), (1/3, 1/3, 1/3) respectively. It is easy to find that the l 1 norm of coherence is damaged faster with the increase of temperature T .
(iii) Finally, for the case when the distance between the two boundaries a = 3π/2, we find that the decoherence is enhanced or inhibited as compared to the unbounded case, which is related to not only the atomic position z 0 but also the atomic polarization direction and the temperature. Interestingly, we find the properties of the l 1 norm of coherence are symmetrical about z = a/2. Therefore, we analyze the range from z 0 = 0 to z 0 = a/2 in the following.
(a) For a dipole oriented parallel to the boundary, the relation α z = 0 is satisfied. When the atom is placed very close to the boundary (z 0 → 0), we have the total transition rate γ t = 0 and τ t → ∞, which represents the decoherence can be inhibited effectively and the quantum coherence will be protected effectively at any finite temperature. When the atom is placed at z 0 = a/4, the total transition rate γ t is 13γ f /18 and τ t = 18τ f /13, which means that the decoherence can be inhibited to some degree as compared to the unbounded case and the quantum coherence is destroyed more slowly. When the atom is placed at z 0 = a/2, we have γ t = 13γ f /9 and τ t = 9τ f /13, leading to the decoherence enhanced and the quantum coherence damaged faster than that in unbounded case. As a result, in the ranges of 0 ≤ z 0 ≤ a/2, we can find that the total transition rate γ t increases but the τ t decreases, resulting in the decoherence is enhanced with the increase of z 0 . To show the properties of the l 1 norm of coherence, we plot it in Fig. (6) as a function of q at different atomic position z 0 for (α x , α y , α z ) = (1, 0, 0) with temperature T = 0K, 5K, and 20K, respectively. The quantum coherence displayed in Fig. (6) is damaged faster with the temperature increasing. (b) For a dipole oriented normal to the boundary, i.e., α x = α y = 0. When the atom is placed very close to the boundary (z 0 → 0), the total transition rate γ t = 19γ f /9 and the relaxation time τ t = 9τ f /19, so the decoherence is enhanced and the quantum coherence is greatly damaged as compared to the unbounded case. When the atom is placed at z 0 = a/4, we can get γ t = 14γ f /9 and τ t = 9τ f /14, which results in the quantum coherence is destroyed more than that in the unbounded case. However, when the atom in the z 0 = a/2, we have γ t = γ f and τ t = τ f , i.e., the unbounded case is recovered. In this case, we find that the total transition rate γ t decreases while the τ t increases in the ranges of 0 ≤ z 0 ≤ a/2, leading to the decoherence decreases with the increase of z 0 . We plot the l 1 norm of coherence in Fig. (7) , which is the function of q at different atomic position z 0 for (α x , α y , α z ) = (0, 0, 1) with temperature T = 0K, 5K, and 20K respectively. We can see from the Fig. (7) that the quantum coherence is also destroyed faster with the increase of temperature. (c) For a dipole has an isotropic polarization, i.e., α x = α y = α z = 1/3. When the atom is placed very close to the boundary (z 0 → 0), the total transition rate γ t = 19γ f /27 and τ t = 27τ f /19, so the decoherence is inhibited to some degree as compared to the unbounded case. If the atom is placed at z 0 = a/4, the total transition rate γ t = γ f and τ t = τ f , which leads to the bounded case reduces to the unbounded case as expected. If the atom is placed at z 0 = a/2, we can get the total transition rate γ t = 35γ f /27 and τ t = 27τ f /35, which means that the decoherence enhances and the quantum coherence decreases faster than that the unbounded case. Thus, the τ t decreases as the total transition rate γ t increases, resulting in the decoherence enhances with the atomic position z 0 increases. The l 1 norm of coherence is depicted in Fig. (8) as a function of q at different atomic position z 0 for (α x , α y , α z ) = (1/3, 1/3, 1/3) with temperature T = 0K, 5K, and 20K respectively. Similarly, we can see from the Fig. (8) that the quantum coherence decreases faster as the temperature increases. As expected, we noted that the properties of the relative entropy of coherence is similar to the l 1 norm of coherence.
VI. CONCLUSIONS
We have concerned about the conditions under which the decoherence can be inhibited effectively from noise environment in the open quantum systems. We have studied the dynamics of the quantum coherence of a two-level atom coupled with the electromagnetic field with the finite temperature. In this paper three cases are considered detaily: without boundaries, with the presence of a boundary, and the presence of two parallel boundaries. In the case without boundaries, the decoherence can not be inhibited. Besides, the τ f decreases when the temperature increases, i.e., the higher temperature leads to a faster decoherence. In the case with the presence of a boundary, the quantum coherence not only depends on the temperature, but also depends on the atomic position and polarization direction. We found that the τ b may be decreased, increased or even remain unchanged as compared to the unbounded case. That is to say, the decoherence may be enhanced, inhibited or unchanged as compared to the results for the free space. Only when the atom is close to the boundary and the transversely polarization, the τ b → ∞ and the decoherence can be inhibited effectively at any finite temperature, which makes the quantum coherence can be protected highly. And in the case with the presence of two parallel boundaries, we find that the quantum coherence is also related to the distance between the two boundaries. Two different situations, the distance between the boundaries is π/2 or 3π/2, are considered carefully. When the distance between the two boundaries is π/2, we find that the quantum coherence has nothing to do with the atomic position and the decoherence can be inhibited totally at any finite temperature when the atomic polarization is in the xy plane, which leads to the quantum coherence is shielded from the influence of environment. However, when the distance between the boundaries is 3π/2, the decoherence can be inhibited effectively only when the atom is close to the boundary and is transversely polarizable.
